INTRODUCTION
============

Heat stress (HS) reduces feed intake and alters physiology, endocrine status and metabolism in pigs ([@r5]; [@r10]; [@r13]). Chromium, an insulin sensitizer ([@r11]; [@r40]), may aid in alleviating these negative impacts of HS. Chromium has been used as a feed additive to improve growth rate and carcass leanness in pigs ([@r41]; [@r22]; [@r35]). While a quantitative Cr requirement has not been established in pigs ([@r31]), chromium tri-picolinate is widely used as a feed additive due to its stability and bioavailability.

By administering Cr, the negative impacts of HS may be alleviated through increasing insulin sensitivity. First, improving insulin sensitivity can enhance skin micro-circulation ([@r38]; [@r12]) and Cr can facilitate vasodilation ([@r1]). Therefore, Cr may have an ability to facilitate radiant heat dissipation and thus etiologically alleviate HS. Second, fat deposition is increased in heat-stressed pigs ([@r8]; [@r25]; [@r43]) due to reduced lipid mobilization ([@r33]; [@r36]), which may be caused by hyperinsulinemia as reported in heat-stressed ruminants ([@r32]; [@r32]; [@r6]). Chromium supplementation has been shown to improve lipid metabolism in hyperinsulinemic rats ([@r7]) and reduces body fat composition in pigs ([@r26]; [@r19]), therefore Cr may normalize lipid mobilization in heatstressed pigs if hyperinsulinemia is the reason for the reduced lipolysis in the heat-stressed pigs. However, the reports on the effects of Cr supplementation in mitigating HS impacts in pigs are limited and vary; for example, Cr did not affect growth performance or blood cortisol in heat-stressed weaning pigs ([@r23]), but Cr increased feed intake and reduced blood cortisol in heatstressed finisher pigs ([@r18]). Therefore, the aim of the study was to systematically investigate the effects of Cr on physiology, feed intake, and insulin related metabolism in growing pigs during HS. The hypothesis being tested is that Cr supplementation can alleviate physiological symptoms and reduction of feed intake by improving insulin sensitivity in heat-stressed pigs.

MATERIAL AND METHODS
====================

Animal and Experimental Design
------------------------------

All experimental procedures involving animals in this study were approved by the Faculty of Veterinary and Animal Ethics Committee of the University of Melbourne (Protocol:1413128). The protocols adhered to the Australian Code for the Care and Use of Animals for Scientific Purposes (8th edition).

The experiment was conducted using a 2 × 2 factorial design with 2 levels of dietary Cr and 2 environmental conditions. The experiment was divided into a 14-d supplementation period and an 8-d thermal exposure period. A total of 36 female pigs (Large White × Landrace, body weight 29 ± 4 kg, mean ± SD) were selected and randomly allocated to a control diet containing no supplemental Cr or a diet supplemented with 400 ppb Cr in the form of Cr picolinate (Feedworks Pty Ltd, Romsey, VIC, Australia) for 14-d. The dose of Cr used in the current experiment followed a previous study ([@r18]). The control diet was formulated to meet or exceed [@r31] recommend nutrient requirements ([Table 1](#tab1){ref-type="table"}). After the 14-d initial dietary supplementation period 9 pigs from each dietary treatment were exposed to either thermoneutral (TN, 20°C, 35--45% relative humidity) or "heat stress" conditions (HS; 35°C 0900--1700 h; 28°C 1700--0900 h, 35--45% relative humidity) for 8 d with pigs remaining on their assigned diet during this period. All pigs were fed ad libitum at 0900 h and 1700 h daily, and individual feed refusals were recorded at 0900 h daily. Water was supplied via nipple drinker ad libitum. Body weights were recorded on a weekly basis.

###### 

Composition of control diet

  Ingredient                               \% of fed basis
  ---------------------------------------- -----------------
   Wheat                                   57.0
   Barley                                  12.2
   Peas                                    11.7
   Canola meal                             12.0
   Meat meal                               2.00
   Blood meal                              0.50
   Tallow                                  0.60
   Salt                                    0.20
   Limestone                               1.10
   Monocalcium phosphates                  0.30
   Lysine-HCl                              0.39
   Methionine                              0.11
   Threonine                               0.15
   Tryptophan                              0.02
   Enzymes                                 0.04
   Premix[1](#t1n1){ref-type="table-fn"}   0.20
  Calculated Composition                   
   DE, MJ/kg                               14.0
   CP, %                                   16.6
   Fat, %                                  3.53
   Fiber, %                                4.25
   Ash, %                                  4.42
   Lysine, %                               1.06
   Calcium, %                              0.91
   phosphorus, %                           0.53

Supplied per kg of diet: vitamin A, 1000 IU; vitamin D3, 175 IU; vitamin E, 60 IU; vitamin K, 2 mg; vitamin B-1, 2 mg; vitamin B-2, 5 mg; vitamin B-6 3 mg; vitamin B-12 20 mg; Niacin, 25 mg; pantothenic acid, 20 mg; biotin, 150 mg; folic acid, 20 mg; copper, 12 mg; cobalt, 0.5mg; manganese, 40 mg; zinc, 120 mg; iron, 100 mg; iodine, 0.5 mg; selenium; 0.3 mg; chromium, 0 mg.

Physiological Monitoring
------------------------

Respiration rate and rectal temperatures were monitored 3 times daily at 0900 h, 1300 h, and 1600 h during the 8-d thermal exposure period. Respiration rate (breaths/min) was counted visually within 20 s, and rectal temperatures were measured with a digital thermometer (Fast-Read, Livingstone Pty Ltd., NSW, Australia). As a precaution pigs were removed from the climatic rooms if their rectal temperature exceeded 41°C until their rectal temperature returned to below 40°C. One pig was removed for 1 h due to hyperthermia and was returned to the rooms after cooling without incident.

Blood Sampling for Blood Gas Measurement
----------------------------------------

Blood samples (5 mL) were collected in 10 mL vacutainers (sodium heparin coated, BD vacutainer, BD, North Ryde, NSW, Australia) at 1300 h on d 6 of the thermal exposure period via venepuncture from the jugular vein. Fresh blood was immediately loaded into an automatic blood gas analyzer (EPOC, Alere, Waltham, MA) for determination of blood gas variables such as partial pressure of CO~2~ (pCO~2~) and O~2~ (pO~2~), pH, and bicarbonate.

Intravenous Glucose Tolerant
----------------------------

### Test and Metabolite Assays

All pigs were fasted for 15 h starting at 1800 h of d 7 during a thermal exposure period and then received an intravenous glucose tolerance test (IVGTT) at 0900 h of d 8. Each pig was catheterized via an ear vein and then rested for 40 min in their respective environment. For the IVGTT, basal blood metabolites and insulin concentrations were determined by taking small samples (4 mL) at −30, −15, −1 min in relative to glucose administration via the ear vein catheter. At 0 min, a bolus of glucose (40% dextrose solution, Baxter Healthcare, NSW, Australia) was administered intravenously at a dose rate of 0.3 g/kg live weight. Repeated blood samples (4 mL) were taken at 2, 3, 4, 5, 6, 8, 10, 12, 15, 18, 20, 22, 25, 30, 35, 40, 45, 50, 55, 60, 75, 90, 120, 150, 180, 210, and 240 min postglucose administration. In between samples, the catheter was flushed with sterile saline and heparin (diluted to 10 IU per mL). Plasma glucose was assayed by using glucose oxidase kits (Infinity, Thermo Fisher Scientific, Waltham, MA) with intra- and inter- assay coefficients of variability (CV) of 3.7% and 6.6%, respectively. Non-esterified fatty acids concentration was quantified using NEFA C kits (Wako Chemicals, Kawagoe, Japan), and the interand intra-variance of NEFA measurement was 4.3 and 7.0%, respectively. Insulin concentration was quantified by a double anti-body radioimmunoassay ([@r39]; [@r44]) with all samples processed in a single assay and limit of detection was 0.39 μU/mL. Six replicates of 3 control samples contained 2.36 μU/ml, 4.32 μU/ml, and 8.97 μU/ml were included in the assay to calculate the CV of 3.97%.

Glucose, Insulin, and NEFA Kinetics during IVGTT
------------------------------------------------

The kinetics of glucose, insulin, and NEFA during IVGTT were separately described by indices such as the fasting plasma concentrations, maximum or minimum concentrations, increase or clearance rate, and area under the curve (AUC). The kinetics analyses were limited to the samples obtained before 60 min, because plasma glucose and insulin concentrations had returned to baseline by 60 min after glucose infusion. The increase or clearance rate was calculated from the slope of plasma variables plotted against time in Excel software. The insulin resistance index of Homeostatic Model Assessment (HOMA-IR) was calculated using fasting glucose and insulin concentrations ([@r28]). Values of AUC were calculated using the trapezoidal rule with fasting concentrations used as the baseline for subtraction.

Statistical Analysis
--------------------

Data were analyzed in ANOVA model in GenStat, 15th edition, (VSN international, Hemel Hempstead, UK). For growth performance and feed intake, temperature and diet were set as fixed effects, and initial body weight was used as a covariate. For analyzing the glucose, insulin and NEFA kinetics in response to IVGTT, temperature, diet, and the time relative to glucose intake were set as fixed effects. For physiological variables, temperature, diet, day, and time were set as fixed effects. For blood gas variables, temperature, and diet were used as fixed effects. Individual pig was used as a random effect in all statistical analysis. Duncan\'s multiple range test was used for the *post-hoc* multiple comparisons. Values of physiological variables and metabolites from IVGTT were plotted against time points in line charts. Results of the other variables were shown in tables using mean and standard error of difference (SED) of the interactions between temperature and diet. Results were considered to differ significantly when *P* ≤ 0.05, and a trend was identified when *P* ≤ 0.10.

RESULTS
=======

Growth Performance before Heat Event
------------------------------------

Pigs were allocated into control and Cr dietary treatment with similar body weights (*P* = 0.57). Average daily feed intake remained similar between the control and Cr fed pigs. Average daily gain tended to be improved by Cr diet (*P* = 0.070), whereas, the improvement on gain:feed was not significant (*P* = 0.11; [Table 2](#tab2){ref-type="table"}).

###### 

Growth performance of growing pigs during 2-wk chromium supplementation before heat stress

  Variables                       Control (*n* = 18)   Cr (*n* = 18)   SED     *P*-value
  ------------------------------- -------------------- --------------- ------- -----------
  Body weight, initial, kg        29.2                 28.9            0.62    0.57
  Average daily feed intake, kg   1.77                 1.83            0.054   0.27
  Average daily gain, kg          0.86                 0.95            0.047   0.070
  Gain:feed                       0.49                 0.52            0.020   0.11
  Body weight, 2-wk, kg           40.3                 41.4            0.76    0.16

Physiology and Feed Intake
--------------------------

Heat stress increased rectal temperature from 38.8°C to 40.4°C (*P* \< 0.001). While rectal temperature was constant across the day under TN conditions, during HS conditions rectal temperature increased from 0900 h until 1600 h (39.1°C, 40.3°C, 40.7°C for 0900 h, 1100 h, and 1600 h) as evidenced by an interaction between temperature and time (*P* \< 0.001). While there was no main dietary effect on rectal temperature (*P* = 0.17), there tended to be an interaction between temperature and diet (*P* = 0.065) and there was a threeway interaction between temperature, diet and time (*P* = 0.013), such that pigs fed with Cr had reduced rectal temperatures than those on control diet at 1300 h (40.5°C vs. 40.2°C for control vs. Cr diet) and at 1600 h (40.9°C vs. 40.6°C for control vs. Cr diet) under HS conditions but not at other times ([Fig. 1 A](#fig1){ref-type="fig"}).

![Physiology of pigs fed control or chromium diet exposed to thermoneutral or heat stress conditions. Rectal temperature (A), respiration rate (B) of growing pigs which fed on control (non-chromium) diet or 400 ppb chromium (Cr) diet when being subjected to 8-d thermoneutral condition (20°C) or heat stress condition (35°C from 0900 h to 1700 h, and 28°C from 1700 h to 0900 h; *n* = 9 per group). The error bars are the SED for the interaction of temperature × diet × time. The *P*-values for the effects diet, temperature, time, diet × temperature, diet × time, temperature × time, and temperature × diet × time were 0.17, \< 0.001, \< 0.001, 0.065, 0.080, \< 0.001, and 0.013 for rectal temperature; 0.016, \< 0.001, \< 0.001, 0.008, \< 0.001, \< 0.001, and \< 0.001 for respiration rate.](1-1-116-fig1){#fig1}

Heat stress increased respiration rate from 34 to 154 breaths/min (*P* \< 0.001). While respiration rate was constant across the day under TN conditions, during the HS conditions respiration rate increased from 0900 h until 1600 h (75, 187 to 201 breaths/min for 0900 h, 1100 h and 1600 h) as evidenced by an interaction between temperature and time (*P* \< 0.001). Chromium had a main effect in reducing respiration rate from 103 to 86 breaths/min (*P* = 0.016) and there was an interaction between temperature and diet (*P* = 0.008) and a three-way interaction between temperature, diet, and time (*P* \< 0.001), such that the pigs fed the Cr diet had reduced respiration rate than those on the control diet at 1300 h (209 vs. 166 breaths/min for control vs. Cr diet) and 1600 h (208 vs. 174 breaths/min for control vs. Cr diet) under HS conditions but not at other times ([Fig. 1 B](#fig1){ref-type="fig"}).

During the 8-d thermal exposure period, HS reduced average daily feed intake by 35% (2.20 vs. 1.39 kg/d, *P* \< 0.001), whereas there was no effect of dietary Cr on average daily feed intake (*P* = 0.11; [Fig. 2](#fig2){ref-type="fig"}).

![Average daily feed intake. Feed intake of growing pigs which fed on control diet (non-chromium) or 400 ppb chromium (Cr) diet when being subjected to 8-d 35°C or 20°C ambient environment (*n* = 9 per group).](1-1-116-fig2){#fig2}

Blood Gas Variables
-------------------

Heat stress reduced blood pCO2 (60.4 vs. 53.1 mmHg for TN vs. HS, *P* = 0.002), bicarbonate (38.4 vs. 35.0 mM for TN vs. HS, *P* \< 0.001). Blood pH remained constant across treatments. Heat stress tended to increase pO2 pressure (34.9 vs. 35.8 mmHg for TN vs. HS, *P* = 0.083). Chromium supplementation did not affect the above blood gas variables. ([Table 3](#tab3){ref-type="table"})

###### 

Blood gas variables of the pigs fed control or chromium diet and subjected to thermoneutral or heat stress conditions

      Variables      20°C   35°C   SED    *P*-values                           
  ----------------- ------ ------ ------ ------------ ------- --------- ------ ------
    pCO~2~, mmHg     59.5   61.3   53.0      53.2      3.07     0.002    0.65   0.71
     pO~2~, mmHg     34.2   35.5   38.0      39.0      2.71     0.083    0.54   0.94
   Bicarbonate, mM   38.3   38.5   35.4      34.6      0.92    \<0.001   0.62   0.48
         pH          7.42   7.41   7.43      7.42      0.021    0.34     0.54   0.98

Basal Fasting Glucose, Insulin, NEFA, and HOMA-IR
-------------------------------------------------

There was no effect of HS on fasting plasma glucose concentrations. Fasting plasma insulin concentrations tended to be reduced by HS (1.96 vs. 1.68 μU/mL, *P* = 0.10) and dietary Cr (1.97 vs. 1.67 μU/mL, *P* = 0.094) and these effects were additive. Similarly, fasting HOMA-IR was reduced by HS (0.66 vs. 0.51 for TN vs. HS, *P* = 0.007) and dietary Cr (0.65 vs. 0.51 for TN vs. HS, *P* = 0.013). Fasting NEFA concentrations were greater in the heat-stressed pigs (491 vs. 784 μM for TN vs. HS, *P* = 0.015) whereas there was no effect of dietary Cr. ([Table 4](#tab4){ref-type="table"}).

###### 

Glucose, insulin, NEFA kinetics during IVGTT

                             Variables                              20°C    35°C     SED     *P*-values                              
  ---------------------------------------------------------------- ------- ------- -------- ------------ -------- ---------- ------- ------
                        Glucose fasting, mM                         7.89    7.94     7.67       7.50      0.489      0.29     0.89    0.79
                          Glucose peak, mM                          12.4    11.6     11.1       11.2       0.70      0.10     0.52    0.35
                     Glucose AUC~60min~, mM min                     39.4    44.0     55.7       77.3      20.36     0.094     0.37    0.56
        Glucose clearance rate (slope~2--60min~), mM min^−1^        0.21    0.17     0.13       0.13      0.039     0.035     0.36    0.38
                       Insulin fasting, μU/mL                       2.15    1.77     1.78       1.58      0.0240     0.10     0.094   0.61
                        Insulin peak, μU/mL                         16.9    16.6     14.6       12.9       1.60     0.012     0.38    0.55
                 Insulin AUC~10\ min~, μU mL^−1^min                  109     109      90         80        11.7     0.006     0.56    0.58
                 Insulin AUC~60\ min~, μU mL^−1^min                  144     170     177        176        20.4      0.19     0.39    0.36
   Insulin acute release rate (slope~0--10min~), μU mL^−1^min^−1^   0.73    0.77     0.49       0.64      0.122     0.045     0.27    0.53
     Insulin clearance rate (slope~0--60min~), μU mL^−1^min^−1^     0.15    0.17     0.15       0.15      0.030      0.65     0.60    0.52
                      HOMA-Insulin Resistance                       0.76    0.56     0.54       0.47      0.073     0.007     0.013   0.21
                          NEFA fasting, μM                           463     520     853        716       155.7     0.015     0.72    0.39
                          NEFA minimum, μM                           167     203     231        186        47.7      0.50     0.89    0.24
                      NEFA AUC~30min,~ μM min                       -3987   -3356   -9239      -8352       2355     0.006     0.70    0.95
                      NEFA AUC~60min,~ μM min                       -2223   -1743   -22882     -17512      5639    \< 0.001   0.47    0.55
          NEFA decrease rate (slope~2--30min~), μM min^−1^          12.0    14.8     23.6       19.2       4.14     0.013     0.80    0.20
         NEFA decrease rate (slope~30--60min~), μM min^−1^           6.5     8.7     1.6        4.4        1.85     0.002     0.068   0.84

Kinetics of Glucose, Insulin, and NEFA during IVGTT
---------------------------------------------------

Plasma glucose concentrations peaked immediately after glucose infusion before decreasing and returning to baseline within 60 min (Time, *P* \< 0.001; [Fig. 3](#fig3){ref-type="fig"}). Heat stress tended to reduce peak plasma glucose concentration (12.0 vs. 11.2 mM for TN vs. HS, *P* = 0.10) and decreased plasma glucose clearance rate (slope~2--60\ min~; 0.19 vs. 0.13 mM min^−1^ for TN vs. HS, *P* = 0.035). Heat stress tended to increase glucose AUC~60min~ (41.7 vs. 66.5 mM min for TN vs. HS, *P* = 0.094). Chromium diet did not affect any plasma glucose variables ([Table 4](#tab4){ref-type="table"}).

![Glucose concentrations during IVGTT. Glucose concentrations during IVGTT of growing pigs which fed on control diet vs. 400 ppb Chromium (Cr) when being subjected to 8-d thermoneutral condition (20°C) or heat stress condition (35°C from 0900 h to 1700 h, and 28°C from 1700 h to 0900 h; *n* = 9 per group). Standard error of difference (SED) for glucose is 0.516 mM. The *P*-values for the effects of temperature, diet, time, temperature × diet, temperature × time, diet × time, temperature × diet × time are 0.76, 0.92, \< 0.001, 0.94; 0.003, 0.95, and 0.89.](1-1-116-fig3){#fig3}

Plasma insulin concentrations increased immediately in response to glucose infusion peaking at approximately 10 min, before declining back to baseline within 60 min (Time, *P* \< 0.001; [Fig. 4](#fig4){ref-type="fig"}). Heat stress decreased the insulin acute release rate (slope~0--10\ min~; 0.75 vs. 0.57 μU mL^−1^ min^−1^ for TN vs. HS, *P* = 0.045), the peak plasma insulin concentration (16.8 vs. 13.8 μU/mL, *P* = 0.012) and the insulin AUC~10\ min~ (109.3 vs. 84.9 μU mL^−1^ min for TN vs. HS, *P* = 0.006). However, neither insulin disposal rate (slope~10--60\ min~) nor AUC~60min~ were affected by HS. Dietary Cr but did not affect any other insulin indices ([Table 4](#tab4){ref-type="table"}).

![Insulin concentrations during IVGTT. Insulin concentrations during IVGTT of growing pigs which fed on control diet vs. 400 ppb Chromium (Cr) when being subjected to 8 d thermoneutral conditions (20°C) or heat stress conditions (35°C from 0900 h to 1700 h, and 28°C from 1700 h to 0900 h; *n* = 9 per group). Standard error of difference (SED) for insulin is 0.962 µU/mL. The *P*-values for the effects of temperature, diet, time, temperature × diet, temperature × time, diet × time, temperature × diet × time are 0.03, 0.43, \< 0.001, 0.65, \< 0.001, 0.65, and 0.98.](1-1-116-fig4){#fig4}

Plasma NEFA concentrations decreased after glucose infusion reaching a nadir concentration around 30 min. Plasma NEFA concentrations then gradually increased to a recovery state (time, *P* \< 0.001; [Fig. 5](#fig5){ref-type="fig"}). Heat stress increased the rate of the decrease in plasma NEFA (slope~2--30\ min~; −13.4 vs. −21.4 μM min^−1^ for TN vs. HS, *P* = 0.013) and reduced the rate of recovery of plasma NEFA (slope~30--60\ min~; 7.57 vs. 3.00 μM min^−1^ for TN vs. HS, *P* = 0.002). The reduction of NEFA in response to IVGTT, as expressed as NEFA AUC, was increased by HS at 30 min (AUC~30min~; −3672 vs. −8795 μM min for TN vs. HS, *P* = 0.006) and at 60 min (AUC~60min~; −1984 vs. −20197 μM min for TN vs. HS, *P* \< 0.001). Dietary Cr tended to increase the recovery rate of plasma NEFA (slope~30--60\ min~; 4.02 vs. 6.55 μM min^−1^, *P* = 0.068). Heat stress did not affect the nadir in plasma NEFA concentrations. Dietary Cr diet did not affect any other plasma NEFA variables ([Table 4](#tab4){ref-type="table"}).

![NEFA concentrations during IVGTT. NEFA concentrations during IVGTT of growing pigs which fed on control diet vs. 400 ppb Chromium (Cr) when being subjected to 8 d thermoneutral conditions (20°C) or heat stress conditions (35°C from 0900 h to 1700 h, and 28°C from 1700 h to 0900 h; *n* = 9 per group). Standard error of difference (SED) for NEFA is 119 µM. The *P*-values for the effects of temperature, diet, time, temperature × diet, temperature × time, diet × time, temperature × diet × time are 0.89, 0.75, \< 0.001, 0.30, \< 0.001, 0.30, and 0.70.](1-1-116-fig5){#fig5}

Discussion
----------

In this study, it was hypothesized that Cr supplementation may improve insulin sensitivity and mitigate the impacts of HS in pigs (physiological responses, reduction in feed intake, and reduced lipolysis). These data demonstrated that dietary Cr partially mitigated physiological responses to HS, as evidenced by reduced respiration rate and rectal temperature during HS. However, the reduction in feed intake caused by HS was not alleviated by dietary Cr possibly because the impacts of the HS conditions on feed intake was so pronounced. Chromium supplementation reduced fasting insulin concentration and HOMA-IR index suggesting its potential in increasing insulin sensitivity. The responses to the IVGTT suggest HS decreased insulin release and therefore slowed the glucose disposal rate. Heat stress also increased magnitude of the reduction of NEFA during IVGTT, as evidenced by greater NEFA AUC, indicating that HS inhibited lipid mobilization. In summary, Cr improved thermoregulation in growing pigs subjected to chronic HS, and the mechanism may be associated with the improved insulin sensitivity.

The alleviation of the physiological responses to HS by dietary Cr supplementation may be associated with its ability to improve insulin sensitivity. To maintain the core temperature during hot conditions, pigs reduce feed intake to limit the thermal effects of feed and heat production, increase their respiration rate to aid evaporative heat dissipation ([@r21]), and increase skin blood flow for radiant heat dissipation (Collin et al., 2001). In the current study, dietary Cr supplementation facilitated greater thermoregulation during HS conditions, and these effects may be associated with the improved radiant heat dissipation from skin. Insulin sensitivity is positively related with capillary microcirculatory function of skin ([@r38]; [@r12]) which regulates radiant heat dissipation from the skin. The Cr diet increased insulin sensitivity in this experiment, and thus theoretically, blood flow and radiant heat loss from the skin should have been improved; however, the microcirculatory function of pigs was not assessed in the current study due to the technical difficulty. The facilitated thermoregulation by Cr spared the heat dissipation that happened in the respiratory route and ameliorated the increase in rectal temperature observed under HS conditions. Although respiration rate during HS was decreased (−24%) by dietary Cr, the rate was still 4 times that of the pigs under TN conditions, and thus the loss of blood CO2 was still substantial. Consistent with previous report ([@r27]), the loss of blood CO2 triggered respiratory alkalosis that was compensated by reduced blood bicarbonate concentration to stabilize blood pH during HS.

Heat stress markedly reduced feed intake (−35%) in growing pigs in the current study. However, Cr supplementation did not mitigate the reduction in feed intake, suggesting that the Cr-facilitated heat dissipation was insufficient to enable the pigs to tolerate the thermic effects and heat production from extra feed intake. The effects of Cr supplementation on feed intake may depend on magnitude of HS. For example, supplementing 1,000 or 2,000 ppb Cr in the form of Cr picolinate did not alleviate the reduction of feed intake in the piglets (10 to 20 kg body weight) which were subjected to 40.5°C room temperature ([@r23]). However, under a lower level of HS observed during an Australian summer (29.7°C), Cr supplementation improved feed intake by 8% in growing pigs ([@r18]).

In this study, dietary Cr improved average daily gain in pigs housed under TN conditions which is consistent with the meta-analyses of [@r35]. The improved growth performance might be also associated with the main effect of Cr in improving insulin sensitivity. Chromium supplementation reduced HOMA-IR index and tended to decrease fasting insulin concentration and in current study, which is similar as a previous study where pigs were supplemented with Cr-picolinate ([@r2]; [@r19]). Also, [@r18] found that dietary nano Cr improved the insulinsignaling pathway in porcine peripheral tissue possibly via increased *AKT* and *GLUT-4* mRNA abundance in skeletal muscle, as well as increased adiponectin in subcutaneous adipose tissue. Chromium enhances insulin sensitivity via chromodulin, and the mode of action was proposed by [@r40]. Briefly, in response to glucose ingestion, blood insulin increases and binds to its receptor in insulin-sensitive cells, Cr is then moved from the blood into the cells and binds to apo-chromodulins which exist in cells to convert the molecule to their functional form, Cr4--chromodulin. Cr4--chromodulin can bind to insulin-stimulated receptors and mimic the stimulation of insulin on tyrosine kinase thus amplifying the insulin signaling. The Cr-improved insulin sensitivity requires less amount of circulating insulin to maintain glucose homeostasis ([@r2]) or increases glucose disposal at the same concentration of exogenous insulin in pigs ([@r29]), the former effect being demonstrated by this study in the pigs fed Cr diet.

Heat stress reduced insulin acute release rate, slowed glucose clearance rate, and tended to increase glucose AUC in the current study, which is in an agreement of a previous study ([@r36]). In their study, pigs had reduced insulinogenic index (ratio of insulin AUC20min: glucose AUC20min) and greater glucose AUC after being exposed to 32°C for 2 d. In addition, there was reduced pancreatic insulin staining found in the same study after 7 d of HS ([@r36]). Taken together, these results suggest that pigs produce less insulin after being heat-stressed, although the exact mechanism remains unknown. It is possible that islet insulin synthesis is impaired by HS, because islet is susceptible to oxidative damage due to a weak antioxidant defense system ([@r14]). Oxidative stress occurs in the gastrointestinal tract in heat-stressed pigs ([@r34]; [@r27]), so it is likely this also occurs in the pancreas. Further studies are required to quantify oxidative stress biomarkers in the islet of heat-stressed pigs.

Admittedly, the experimental design in the current study does not allow us to make a valid interpretation on the effect of heat stress on the whole-body insulin sensitivity because the measurements on whole-body insulin sensitivity (IVGTT) and resistance (HOMA-IR) could be confounded by the dissimilar feed intake between thermoneutral and heat-stressed pigs. The 35% reduction in the plane of nutrition of heat-stressed pigs should decrease peripheral insulin sensitivity, because the glucose usages in brain and other vital tissues need to be prioritized ([@r3]). For example, a restricted feed intake (60% vs. ad libitum) decreased the overall insulin sensitivity by 36% in growing pigs housed under TN conditions ([@r37]). The direct effect of HS on insulin sensitivity in pigs was investigated in the pair-fed study ([@r37]), in which HS increased insulin-stimulated glucose uptake and muscular protein abundance of insulin receptor substrate- 1 growing pigs, suggesting an increased wholebody insulin sensivity. Similarly, the increased insulin sensitivity was found in rodents ([@r15]; [@r16]) and sheep ([@r18]) subjected to HS. By contrast, heat-stressed dairy cows exhibited greater concentrations of basal and hyperglycemic stimulated insulin as well as greater blood glucose concentrations than the pair-fed TN dairy cows ([@r32]; [@r6]), which may indicate HS triggered hyperinsulinemia. So far the species differences or physiological state on the insulin response to HS remain unclear. The improved insulin sensitivity in the heat-stressed pigs, rodents and dry sheep could be associated with cross-talks between heat shock protein 70 and the insulin cascade which has been discussed in previous reviews ([@r30]; [@r17]; [@r24]). From the point of view of the adaption to hot environment, the improved insulin sensitivity in heatstressed pigs may be an attempt to facilitate skin microcirculation and radiant heat dissipation from surface.

Heat stress reduced lipid mobilization in pigs in the current study as evidenced by a more rapid decrease in plasma NEFA in response to IVGTT, and a slower return to basal. The reduced lipid mobilization is in accordance with the previous reports in both pigs and ruminants; for example, pigs subjected to 7-d HS had reduced basal NEFA concentration ([@r33]) and reduced NEFA concentration in response to epinephrine challenge ([@r36]). Similar findings were also reported in heat-stressed lactating cows ([@r32]; [@r6]) and dry sheep ([@r18]). Although, the exact mechanism remains unknown, hyperinsulinemia seems the reason in lactating cows ([@r6]; [@r4]), as insulin is a potent anti-lipolytic hormone. However, the reduced lipid mobilization in the heat-stressed pigs was not due to increased insulin concentration because the HS did not cause hyperinsulinemia in the current study. More likely, the attenuated lipolysis in heat-stressed pigs was independent of insulin actions, as demonstrated by the recent study ([@r36]), in which a reduced NEFA and reduced insulin response to glucose tolerance test occurred simultaneously in the heat-stressed pigs. At the end of the thermal exposure period, the heat-stressed pigs had greater fasting NEFA concentrations which was due to the lower plane of nutrition (feed intake reduced by 35%) and increased lipolysis. In response to glucose-stimulated insulin, the heat-stressed pigs exhibited a faster reduction and slower recovery of NEFA, which consequently resulted in a greater reduction in plasma NEFA. Dietary Cr supplementation tended to increase NEFA recovery rate during IVGTT in the heat-stressed pigs. The plasma NEFA recovery phase during IVGTT is associated with the return of plasma insulin concentrations to basal. As dietary Cr did not affect the insulin AUC during IVGTT, it is more likely that Cr had a direct effect in facilitating lipolysis, which needs to be further explored.

In conclusions, 400 ppb Cr ameliorated the increase in respiration rate and rectal temperature in the pigs subjected to HS, and improved growth performance under TN conditions. The beneficial effects of dietary Cr may be associated with its potential in improving insulin sensitivity. Heat stress decreased insulin release, reduced glucose disposal rate, and attenuated lipid mobilization in pigs whereas dietary Cr may potentially normalize NEFA metabolism. Therefore, dietary Cr may be a useful supplement to include in a summer ration or when a HS event is anticipated.
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